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Abstract 
 
 
Arsenic (As) is a global contaminant listed as the highest priority pollutant on the 
Substance Priority List by the ATSDR. The primary route of exposure is by ingestion of 
water and food. The World Health Organization (WHO) describes environmental exposure 
to arsenic as the largest mass poisoning of a population in history and designated a 
provisional guideline value of 10ppb in drinking water. Though the primary route of 
exposure to As is by ingestion, there is relatively scarce research investigating the effects 
of As on the small intestines. Arsenic has been shown to impair cellular differentiation and 
proliferation in other stem and progenitor cells, and the intestines are considered the most 
proliferative tissue in the body. A previous study conducted in killifish (Fundulus 
heteroclitus) exposed embryonically to arsenic showed significant reduction in intestinal 
villus height and PCNA+ cells at 8-, 16-, and 40-weeks post-exposure. The goal of this 
study was to determine if arsenic altered intestinal epithelial morphology, stem cell 
homeostasis, and the numbers and subtypes of differentiated intestinal cells. 
Twelve adult male mice were exposed to either 0ppb or 100ppb As in drinking 
water for five weeks. On the last day of the exposure, a permeability assay using a FITC- 
labeled dextran was conducted. Sections of the duodenal tissue was resected and used 
for histochemistry, protein expression, and transcript expression. 
The results indicate that arsenic reduced mRNA expression of Lgr5, a marker of 
intestinal stem cells, by 40%. Likewise, the secretory pathway transcript markers Math1, 
Defa1, and TFF3 were reduced by 30%, 50%, and 42%, respectively. Lgr5 protein levels 
are too lowly expressed to quantify using immunoblotting or IHC, therefore we examined 
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protein expression and localization of Olfm4, another robust marker of intestinal stem 
cells. However, its expression was not changed. To maintain homeostasis after an insult, 
differentiated cells can dedifferentiate and assume the role of the intestinal stem cell and 
express markers of proliferation. Though not significant, the percentage of Ki67+ cells in 
the crypt was an average of 7% higher in the treated mice compared to the controls. H&E 
staining was used to determine alterations in intestinal epithelium morphology given the 
changes seen at the molecular level. Though reductions in villi height were not seen, the 
treated villi were on average nearly 30% wider compared to the controls. No changes were 
seen in crypt depth. 
Linear correlations and MANOVA analyses were used to compare gene 
expression of individual cell types within a differentiation pathway. Significant correlations 
and similar changes in means suggests related impacts by an arsenic exposure. These 
analyses reveal significant reductions in related Wnt-dependent secretory differentiation 
pathways, between Lgr5,Math1, and Defa1 in treated mice when compared to control 
mice. Interestingly, comparisons between intestinal villi width, Lgr5, and Defa1 show 
significant correlations by increased villi width and a decrease in Lgr5 and Defa1 
expression in the treated mice. These changes in villi width appear to be mesenchymal 
tissue related, although this was not investigated. 
In conclusion, this study shows that Wnt-dependent intestinal cell differentiation 
pathways are negatively impacted by arsenic in drinking water, though specific 
mechanisms still remain elusive. Hypothesized reductions in proliferation and villi height 
were not seen, though villi width was significantly increased in treated mice. This study in 
part supports previous research using in vitro models that show significant reduction of 
Wnt signals and pathway markers.  
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I. Literature Review 
Purpose of the Study 
The purpose of this study was to determine whether an arsenic exposure through 
drinking water inhibits or reduces intestinal stem cell proliferation, thus negatively reducing 
epithelial cell numbers, composition, and/or function.     
Arsenic in the environment 
Arsenic (As) is a global contaminant found in drinking water and food.  The ATSDR, 
as of 2019, still ranks arsenic as the highest priority pollutant on the Substance Priority 
List (ATSDR 2020).  Arsenic is found naturally in the Earth’s crust and is deposited in 
surface water, air, and sediments through wind-blown dust, volcanoes, and natural 
leeching due to favorable geothermal conditions. The US EPA estimates that up to 90ng 
of As is inhaled by people daily (US EPA 1983), though this exposure has not been shown 
to be dangerous.   Arsenic can also be deposited in surface and ground waters from 
insecticides (Li et al., 2016), mining (Camm et al., 2004), and arsenic-treated wood (Lebow 
& Foster, 2005), although its presence in surface and drinking water is of most concern to 
human health.  The World Health Organization (WHO) estimates that roughly 140 million 
people across 50 countries are exposed to drinking water at or above the accepted 
provisional guideline value of 10ppb (WHO, 2011), though some countries still use the 
retired 50ppb guideline (BBS, 2019).  There are estimates that 77 million people in 
Bangladesh are exposed to arsenic in their drinking water, which is described as “the 
largest mass poisoning of a population in history” (WHO, 2010).  Risk estimates attribute 
21.4% of all deaths and 23.5% of deaths associated with chronic disease in Bangladesh 
to arsenic (Argos et al. 2010.).   
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Food is another source of exposure.  For example, rice is grown in flooded conditions, 
meaning that arsenic can readily be taken up the plant (Wolterbeek & van der Meer, 2002).  
Three allotropes of As are bioavailable for plants: methylated arsenic, arsenate (V), and 
the most potently toxic species, arsenite (III).  Various environmental conditions will 
determine which allotrope is most prevalent; i.e. anaerobic conditions favor arsenite 
uptake, where arsenate is favored in aerobic conditions (Li et al., 2016).  Though 
regulations are in place for inorganic arsenic in apple and pear juice (USFDA, 2013), baby 
foods, and rice cereals (USFDA, 2016), literature reviews of As concentration in rice 
varietals still have ranges from 50ppb to 400ppb of total As (Heikens, 2006).   
 
Arsenic and the Intestines 
As mentioned, the primary route of As exposure is ingestion, and the most toxic form 
of As is the trivalent arsenite.  The mode of action for As is not fully understood, but 
includes altered DNA repair mechanisms (Muenyi et al., 2015), DNA methylation 
(Reichard & Puga, 2010), cell proliferation (Sims et al., 2019), and signal transduction 
(Druwe & Vaillancourt, 2010).   
In the literature, the intestines are largely viewed as a gateway for toxicity rather than 
a target organ.  Thus, there is very little known as to whether arsenic directly impacts 
intestinal cells.   Studies have shown that the intestinal microbiome can metabolize 
toxicants, which can alter their toxicity.  For example, the intestinal microflora can reduce 
the highly toxic Cr(IV) to the lesser toxic isotope Cr(III), or increase the toxicity of 
nitrazepam to a teratogenic metabolite (Chi et al., 2017).   It has been shown that the 
human microflora can methylate and thiolate inorganic arsenic (Van de Wiele et al., 2010).  
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When methylated, arsenic becomes more bioaccessible and readily taken up by the 
intestines (Yin et al., 2015). Though the intestinal microflora can alter arsenic species after 
ingestion, arsenic can also affect composition and functionality of the intestinal microflora.  
In the case of a repeated exposure at 1ppm of sodium arsenite in CD-1 mice, there was 
an increase of the bacteria Bilophila, a genus known to cause abdominal infection and can 
lead to inflammatory bowel disease (IBD) (Gokulan et al., 2018).  Another study showed 
that a 100ppb arsenic exposure in drinking water resulted in alterations of the mouse 
intestinal microflora, but also in metagenomic functions, such as carbohydrate 
metabolism, starch utilization, pyruvate metabolism, and short-chain fatty acid synthesis 
(Chi et al., 2017).   
Much less is known about arsenic’s effects on the intestine itself. Arsenic exposure 
can promote tumorigenesis in the large intestine, as suggested in a study that used an 
azoxymethane/dextran sodium sulfate (AOM/DSS)-induced mouse colitis-associated 
colorectal cancer model.  The occurrence of tumorigenesis was significantly higher in mice 
that were exposed to arsenic than the control group, possibly due to disruption of the 
Wnt/ß-catenin pathway (X. Wang et al., 2012).  Another study conducted using Caco-2 
cells, a human intestinal epithelial cell line, found significant reduction of intracellular 
glutathione after exposure to different arsenic species , along with increased necrosis and 
levels of metallothionein  (M. Calatayud et al., 2013).  More studies using the Caco-2 cell 
line show increases in Lucifer Yellow permeability in the intestines, as well as, IL-8 release 
and increased GSH/GSSG ratios (Calatayud & Laparra Llopis, 2015; Chiocchetti et al., 
2018; Laparra et al., 2006).  Rat intestinal loops show that in situ, arsenic reduced the 
expression  of intestinal transport enzymes alkaline phosphatase and Ca-Mg-ATPase in 
a dose-dependent manner, and decreased brush border membrane hexose and sialic acid 
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content (Upreti et al., 2007).  Using the fish Fundulus heteroclitus as a model, embryonic 
exposures at 10-200ppb arsenic led to significantly reduced intestinal villus height (1.3-
1.5-fold) and cell proliferation as measured by PCNA (1.4-1.6-fold), even after fish were 
reared in clean water (Sims et al., 2019).   Reduced proliferation can be associated with 
disruption of major proliferative pathways, like the hedgehog pathway.    
 
 
Arsenic affects stemness and proliferation 
Arsenic is a known developmental toxicant, though the mode of action is not well 
understood.  It is well known that As inhibits or suppresses stem cell differentiation, which 
is one possible reasoning behind its known detrimental development endpoints.  Arsenic 
trioxide (ATO) is a cancer treatment drug and has shown to be quite effective against 
acute myelocytic leukemia (APL).  A recent publication shows that ATO negatively effects 
genes related to stemness, like Oct4, Nanog, and CK19 (Wang et al., 2019).  More overtly, 
inorganic As(III) has been shown to disrupt the Wnt signaling pathway by reducing ß-
catenin and GSK3ß transcript levels by nearly half in a P19 mouse embryonic stem cell 
line (Bain et al., 2016).  Conversely, a study conducted using human keratinocytes 
demonstrated that arsenite had an almost rescue-like stabilizing effect on nuclear and 
active ß-catenin when insulin was being used as a destabilizer of ß-catenin (Patterson & 
Rice, 2007).  This study also suggested that arsenite stabilized epidermal growth factor 
receptor (EGFR) protein and activate phosphorylated EGFR from degradation.  Because 
EGF/EGFR play substantial roles in stem cell proliferation and survival, stabilization of this 
receptor could play a significant role in the decrease of differentiation seen in other studies 
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(Frankel et al., 2009; Trouba et al., 2000; Yen et al., 2010).  One study using a human 
prostate stem cell line, WPE-stem, suggests that 5mM arsenite exposure can transform 
normal stem cells into a cancer-phenotype stem cell in an 18-week time frame (Tokar et 
al., 2010).  Interestingly, the study shows a downward trend of expression of typical stem 
cell genes (Oct-4, SHH, NOTCH-1, BMI-1) until around week 9 of the exposure, where 
these genes are then reactivated, suggesting a defined transformative period from a 
typical stem cell to a cancer stem cell.    
 
The Intestinal Stem Cell Niche 
The intestines have two major functions: 1) act as a barrier to protect the internal 
environment, and 2) metabolize and absorb nutrients (Greenwood-Van Meerveld et al., 
2017).  These functions require a constant replenishment of cells to maintain homeostasis 
as epithelial villus cells are sloughed off.  Intestinal stem cells (ISCs), which are 
characterized by presence of the R-spondin receptor leucine rich repeat G protein-coupled 
receptor (Lgr5+) protein, are continually proliferating to keep up with this high demand 
(Barker et al., 2007).    ISCs reside in the base of the crypt, situated between Paneth cells.  
The ISC receives signals, such as Wnt and R-spondin, from the Paneth cells and the 
mesenchymal tissue below, creating an environment that is favorable for maintaining 
stemness and proliferation; this is often referred to as the stem cell niche (Santos et al., 
2018).  The canonical Wnt pathway is an ancient conserved signaling pathway found in 
all stem cells.  Wnt signaling induces the stabilization and sequestering of ß-catenin in the 
nucleus, binding with T-cell factors (TCF) leading to transcription of Wnt target genes 
(Komiya & Habas, 2008).  These target genes, such as Gremlin, Sox9, and Axin2, play 
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significant roles in pro-stemness and proliferation processes, while suppressing inhibitory 
signals like bone morphogenic proteins and ß-catenin phosphorylation (Blache et al., 
2004; Jho et al., 2002; Kosinski et al., 2007).   ISCs divide symmetrically and push the 
older cells out of the stem cell niche (Snippert et al., 2010).  Upon leaving the niche, and 
depending on which signals are encountered (Santos et al., 2018), this cell can become 
one of two different transit amplifying cell (TA) types, or even a different, slow-cycling stem 
cell, often referred to as a +4 cell.   
The +4 reserve stem cells (rISC) are slow-cycling and can revert to an ISC role in 
the case of injury (Kim et al., 2017).  Furthermore, it has been shown through linage tracing 
experiments that even terminally fated or differentiated cells, especially Paneth cells 
located at the base of the crypt, can  dedifferentiate into ISCs permanently and fulfill the 
role of the basal intestinal stem cell (Schmitt et al., 2018; Tata et al., 2013).  The 
redundancy in available stem cells create many pathways available to reestablish 
homeostasis in the case of an injury.   
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 Intestinal Terminal Differentiation 
ISCs can differentiate into four main terminal cell types - absorptive enterocytes 
and the secretory Goblet, Paneth, and enteroendocrine cells (Takashima et al., 2013; see 
Figure 1).  The differentiation pathways are largely controlled by the gradient of signaling 
found within and outside of the stem cell niche.  In the crypt, Notch and Wnt signaling 
promotes stem cell proliferation.  As the stem cell proliferates, it pushes one of the 
daughter cells up the villus, out of the niche, and into the progenitor, or transit amplifying 
(TA), region. TA cells are characterized by their rapidly dividing behavior, every 12-16 
hours, generating up to 300 cells per crypt every day (Marshman et al., 2002).  In this 
region, the TAs cell will proliferate and begin differentiation into either the absorptive or 
secretory cell lineage, depending on what signals are available (Figure 1).     
Figure1.  ISC stem cell differentiation pathways.  The ISC can differentiate towards an absorptive lineage, terminally 
differentiating as an absorptive cell (left), or a secretory lineage, terminally differentiating as a Paneth, Goblet, or 
enteroendocrine cell (right).  These pathways are dictated by Wnt and Notch signaling, as seen on the arrows above. 
Adapted from Gehart and Clevers, 2019. Illustrator: Bradley Clodfelter (bradleyclodfelter@gmail.com) 
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The absorptive pathway is controlled largely by Notch signaling and a reduction in Wnt 
signaling, as seen in Figure 1 (Gehart & Clevers, 2019).  Notch is largely responsible for 
stem cell maintenance and the suppression of Math1, a transcription factor found in 
secretory cell progenitors.  Activation of the Notch pathway leads to the suppressor 
transcription factor, Hes1.  In Hes1 knock-out mice, enterocyte numbers are severely 
reduced as nearly all crypt cells became Goblet cells due to the upregulation of Math1 
(Van Es et al., 2005).  This data implies that Hes1 expression is required for the stem cell 
niche and enterocyte differentiation.  Enterocytes make up roughly 80% of the cells found 
in the intestinal epithelium and are largely responsible for nutrient uptake and transport 
across the epithelium (van der Flier & Clevers, 2009).  Arsenic has already been shown 
to cause reduction in villus height and disruption of ISC proliferation in killifish  (Sims et 
al., 2019), which might be due to a disruption in enterocyte differentiation.   
The terminal cells from the secretory pathway make up the remaining ~20% of the 
epithelium, and include Paneth, Goblet, and enteroendocrine cells.  As shown in Figure 
1, the secretory lineage relies primarily on the absence of Notch signaling, and the 
upregulation of Math1 in progenitor cells (Yang et al., 2001).  In the presence of high 
Wnt signaling, the secretory progenitor cells will differentiate into Paneth cells that 
retreat to the crypt.  They act as the local immune cell of the epithelium, secreting 
antimicrobial proteins, such as lysozyme (Stappenbeck, 2009).  In the absence of Notch 
and low Wnt signaling, the Goblet or enteroendocrine cell pathway is favored (Vooijs et 
al., 2007).   
Goblet cell secrete mucus, which acts as a physical barrier to microbial infiltration 
and a lubricant for ingested materials (Kim & Ho, 2010).  Terminal differentiation into 
Goblet cells relies on the expression of growth factor independent 1 (Gfi1) in the 
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secretory TA cells (Shroyer et al., 2005).  Gfi1 also acts as a suppressor of neurogenin-3 
(Ngn3), a signal highly expressed in enteroendocrine progenitors (Bjerknes & Cheng, 
2006).  In the absence of Gfi1 expression, the enteroendocrine fate is favored.  
Enteroendocrine cells account for the majority of communication between the gut and 
brain, including gut motility, digestion, and food intake (Latorre et al., 2016).   In Gfi1-/- 
mice, a complete lack of Paneth cells and reduced number of Goblet cells with an 
abundance of enteroendocrine cells is noted (Shroyer et al., 2005). 
 
 
Hypothesis 
Based on previous data showing that arsenic inhibits differentiation pathways, such 
as Wnt/ß-catenin and hedgehog, I hypothesize that an arsenic exposure in drinking 
water will reduce or inhibit intestinal stem cell proliferation and/or differentiation.  I further 
hypothesize that a reduction in stem cell proliferation will negatively impact the 
intestines’ function, morphology, and ability to maintain homeostasis.  Arsenic is 
ingested by millions of people at doses above the WHO provisional guideline of 10ppb.  
The goal of this study is to further elucidate how arsenic impacts our first line of defense 
against this ingested contaminant.    
 
Specific Aims 
Aim 1:  Assess the impact of arsenic on intestinal epithelial morphology and function. 
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Twelve adult male mice were exposed to either 0 or 100ppb sodium arsenite in 
their drinking water for 5-weeks.  To determine if the barrier function of the intestines was 
compromised, the mice were given a gavage of FITC-labeled dextran on the last day of 
the study.    Sections of the duodenum were used to examine alterations in overall 
morphology including crypt depth, villi height, and villi width.  Based on previous studies, 
it was hypothesized that arsenic exposure would cause crypt elongation and villi 
shortening leading to an altered intestinal function.   
 
Aim 2:  Determine what impacts arsenic has on intestinal stem cell homeostasis and 
differentiation.   
 To determine whether arsenic exposure would change the number of cells or 
specific cell types, specific markers for the intestinal stem cells (Lgr5 and Olfm4), transit 
amplifying cells (Math1 and Hes1), and terminal cells types (sucrase isomaltase, 
neurogenin-3, defensin 1, and trefoil factor 3) were analyzed using qPCR.  To determine 
if failsafe mechanisms to maintain homeostasis were being activated, Ki67 and Olfm4 
expression, a proliferative and stem cell marker respectively, were analyzed.  Their 
expression in terminal cell types would be indicative of dedifferentiation to a stem cell 
state.  IHC analysis of Sox9 was done to better quantify changes +4 cell types, while 
lysozyme was also analyzed to assess functional changes in Paneth cells.  
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Abstract 
Arsenic is a global health concern that affects millions of people through ingestion of 
contaminated drinking water and food.  In vitro studies have reported that arsenic 
exposures reduce stem and progenitor cell differentiation.  The purpose of this study was 
to determine if arsenic disrupted intestinal stem cell (ISC) differentiation, thereby altering 
the numbers, locations, and/or functions of intestinal epithelial cells.  Twelve adult, male 
C57BL/6 mice were exposed to 0ppb or 100ppb sodium arsenite (As III) through drinking 
water for five weeks.  Duodenal sections were collected to assess changes in morphology, 
proliferation, and epithelium.  qPCR analysis revealed a 40% reduction in mRNA of the 
ISC marker Lgr5 in the arsenic-treated mice, though show no changes in the protein 
localization and expression of the secondary ISC marker Olfm4.  Similarly, no changes in 
number of Ki67+ crypt cells were seen.  Secretory specific transcript markers of Paneth 
(DEFA1), Goblet (TFF3), and secretory transit amplifying (Math1) cells were reduced by 
51%, 44%, and 30% ,respectively, in the arsenic-exposed mice compared to the controls, 
indicating significant impacts on this Wnt-dependent differentiation pathway.  
Comparisons of Lgr5 and TA cell markers Math1 and Hes1 reveal significant changes in 
the initial secretory differentiation.  Similar comparisons between Math1 and Defa1 show 
that this terminal differentiation is also reduced in the treated mice compared to the 
controls.  The data suggests that the ISC is not completely eradicated, but rather specific 
Wnt-dependent progenitor cell formation and terminal differentiation is reduced.  
 
Introduction 
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Arsenic is a contaminant that leaches into the surface and groundwater naturally, 
though anthropogenic deposits also occur (Camm et al., 2004; Lebow & Foster, 2005; Li 
et al., 2016).  The World Health Organization (WHO) estimates that upwards of 140 million 
people across 50 countries are exposed to drinking water at or above then accepted 
provisional guideline value of 10ppb (WHO 2015).  The alimentary canal is the first organ 
system to contact ingested arsenic, and the intestinal epithelial cells have been described 
as having the highest proliferation rate in the human body (Kaunitz & Akiba, 2019), thus 
should be considered a high priority of arsenic toxicity research.     
Studies have shown that arsenic exposure in vitro can impair cell differentiation. 
For example, keratinocytes exposed to arsenite have reduced differentiation (Patterson et 
al., 2005; Patterson & Rice, 2007), while arsenic can cause a de-differentiation of 
transformed cells into a cancer stem cell-like phenotype (Tokar et al., 2010).  Similarly, 
P19 mouse embryonic stem cells show reduced differentiation into myotubes and neurons 
after exposure to 0.5M (37.5 ppb) arsenic, which appears to be in part due to repression 
of the ß-catenin signaling pathway (Bain et al., 2016a; Hong & Bain, 2012).   
The intestines act a physical barrier to the external environment (Greenwood-Van 
Meerveld et al., 2017).  To maintain homeostasis against the consistent abrasion of 
ingested particulates, the intestines have a highly proliferative stem cell compartment 
located in the Crypts of Lieberkühn, or crypts, and these intestinal stem cells (ISCs) 
turnover every 3-7 days.  In the case of an insult or injury to the ISCs, reserved quiescent 
stem cells, termed +4 cells, can take their place (Takeda et al., 2011).  Moreover, even 
terminally differentiated cells can dedifferentiate and assume the role of the ISs (Tata et 
al., 2013; Yu et al., 2018a).  The pluripotency of ISCs is maintained by the canonical-Wnt 
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signaling pathway along with R-spondin enhancement (De Lau et al., 2011).  The R-
spondin receptor Lgr5 was determined to be a unique marker of the ISC (Barker et al., 
2007).  ISC proliferation and differentiation occurs using gradients of signals found in the 
crypts, known as the stem cell niche (Santos et al., 2018).  This proliferative niche is 
maintained by Wnt-signaling from the mesenchymal tissue beneath the epithelium and the 
Paneth cells situated between the ISCs (Kuhnert et al., 2004; Pinto et al., 2003).  
Disruptions to the adult ISC can severely impact intestinal homeostasis and repair 
mechanisms, as they rely heavily on the canonical-Wnt signaling (Saha et al., 2016; 
Valenta et al., 2016).  As the stem cell proliferates symmetrically, the daughter cells are 
pushed into a new signaling environment further up the crypt, inducing proliferation 
(Snippert et al., 2010).  The daughter cells can differentiate initially based on the presence 
of Notch signaling, where no Notch signaling promotes a secretory route (Van Es et al., 
2005) and the presence of Notch, an absorptive route (Sancho et al., 2015).  Further 
differentiation of the absorptive progenitor (Hes1+ cells) relies on neighboring Notch ligand 
expressing cells (Gehart & Clevers, 2019), and secretory progenitors (Math1+ cells), Wnt 
signaling (Farin et al., 2012) and Notch inhibition (Ootani et al., 2009).   
There is little information on the effects of arsenic on the small intestine, although 
some effects have been seen in the colon.  For example, monomethylarsonic acid (MMA) 
exposed rats and mice have increased focal mucosal ulcerations in the large intestine 
(Arnold et al., 2003) and arsenic exposure can promote colon tumorigenesis (Wang et al., 
2012).  Arsenic exposure in situ using intestinal loops in rat models showed a dose-
dependent decline of intestinal transport enzyme activity, namely alkaline phosphatase 
and Ca-Mg-ATPase, and partial membrane damage described as a decrease in brush 
border membrane hexose and sialic acid content (Upreti et al., 2007).  In vitro exposures 
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using Caco-2 cells have shown an increase in permeability using Lucifer Yellow, increases 
in IL-8 release, and increased GSH/GSSG ratios (Marta Calatayud & Laparra Llopis, 2015; 
Chiocchetti et al., 2018; Laparra et al., 2006).  A more recent study using embryonically 
exposed Fundulus heteroclitus to arsenic revealed reduced intestinal cell proliferation as 
evidenced by fewer proliferative cell nuclear antigen (PCNA) positive cells at 8, 16, and 
40 weeks post-exposure (Sims et al., 2019).   
Thus, the goal of this study was to determine if arsenic exposure via drinking water 
would impair the differentiation of small intestinal epithelium, and if this reduction would 
affect the overall morphometrics and small intestinal function.  The results showed that 
transcript levels of stem cell markers and markers of the secretory differentiation pathway 
were reduced in the arsenic-exposed mice.  However, no changes were seen in the crypt 
length, crypt area, Olfm4 protein expression, or Ki67+ expression.  This could be that the 
exposure was too short to elicit significant changes in morphology or proliferation, but 
even at 5-weeks, Wnt-dependent functions, such as Lgr5 gene expression and Paneth 
cell differentiation, are impaired.   
 
Methods 
Arsenic exposure 
Twelve adult male C57/BL6 mice (Taconic) were fed Zeigler’s AIN-93G mouse 
chow instead of the standard rodent chow because of the reduced levels of arsenic 
(Pellizzon 2014). Six mice were used as controls and given standard tap water.  The other 
six were used as the treatment group and given 100ppb of sodium arsenite in tap water.  
Arsenic concentrations were measured in the water samples after 72 hours by ICP, and 
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no other detectable metals or arsenic loss was seen (Supplementary Table 1).  Water was 
changed every other day, and the exposure was continued for 5-weeks. Mice were 
weighed prior to the start of the exposure and then once per week thereafter.  Two hours 
prior to euthanasia, mice were gavaged with 12.5ng FITC-dextran in 50µL MilliQ water 
(FD-4; Sigma Aldrich).   Mice were weighed, euthanized, blood collected by cardiac 
puncture, and serum prepared and stored at -20oC.  The first ~10cm of the small intestine 
was collected and subdivided into ~3 cm sections.  The first section was fixed in formalin 
for paraffin embedding.  The second section were stored in RNALater (Ambion) at -80oC 
for RNA extraction.  The third section was snap-frozen in liquid nitrogen and stored at -
80oC for protein extraction.   
FITC-dextran permeability assay 
FD-4 levels in the serum were measured by fluorimetry (BioTek Synergy H1 Hybrid 
Plate Reader) with an excitation wavelength of 490nm and emission wavelength of 
520nm.  Concentrations of FD4 were determined using a 6-point standard curve, and all 
samples were run in duplicate.  Increased concentrations of FD4 in serum are indicative 
of an increase in intestinal permeability, as dextran is too large to be readily taken up by 
the intestines.     
Assessing changes in intestinal morphology 
Formalin-fixed intestinal sections were embedded in paraffin in an orientation 
allowing for transverse sectioning (7µm) and fixed to slides.  Intestinal sections were 
deparaffinized and rehydrated in decreasing concentrations of xylene and ethanol 
incubations.  Hematoxylin and eosin staining was carried out using an H&E staining kit 
(Abcam).  Slides were incubated in hematoxylin for 5 minutes and rinsed in two changes 
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of distilled water.  Bluing reagent was applied for 15 seconds and rinsed twice.  Slides 
were rinsed again in absolute ethanol and blotted to remove excess alcohol.  Eosin Y 
solution was added to the slides and were incubated for 3 minutes.  Slides were rinsed 
and dehydrated in four changes of absolute ethanol and mounted in xylene resin.  
Intestinal villus width was taken with two measurements using the Line Tool in ImageJ.  
Lines were drawn across the basal and apical end of the villus.  These two measurements 
were averaged and used as intestinal villus width.  Villus height was done using a single 
line with the Line Tool in ImageJ.  A line was drawn down the mid-section (apical to basal) 
of the villus and measured.  Crypt depth was measured by identifying cellular morphology 
differences as the apical end of the crypt and measuring to the basal portion of the crypt 
using the Line Tool in ImageJ.  Several measurements per sample were taken for each 
parameter and averaged to a single data point.       
Gene expression using quantitative PCR 
RNA extraction was performed using Trizol, and concentration and purity 
determined on a Nanodrop (Thermo Scientific). Reverse transcription was conducted to 
make cDNA using 2µg RNA, and samples were stored at -20oC.  Gene expression was 
determined by qPCR on an AB StepOnePlus Real-Time PCR System (Waltham, MA, 
USA)  using RT2 Sybr Green (Qiagen) and 10 M forward and reverse primers for the 
genes of interest (Table 1).  All samples were run in triplicate and a melt curve was used 
to verify that there was no non-specific binding.  qPCR efficiency was determined using a 
standard curve generated by serial dilutions of five concentration points (10-3 to 10 -7 ng 
DNA) of the specific gene of interest.  The geometric mean of Gapdh and hypoxanthine 
phosphoribosyltransferase (HPRT) were used as reference genes, as these two have 
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previously been shown that their expression does not vary due to arsenic exposure nor in 
intestines (Liu 2018, Wang et al. 2018).  Relative fold expression compared to the controls 
was quantified by the 2^ddCt method (Schmittgen & Livak, 2008).  
Immunohistochemistry 
Slides containing intestinal sections were deparaffinized and microwave antigen 
retrieval was carried out in citric acid buffer (pH 6).  Primary Ki67 (Novus NB500-170; 
1:100 dilution) and Olfm4 (Cell Signaling 39141S; 1:400 dilution) antibodies were diluted 
in 5% BSA/PBST and incubated on the slide overnight at 4oC. Secondary antibodies for 
Ki67 (1:200) and Olfm4 (1:800) conjugated to Alexa Flour 488 (anti-rabbit) (Invitrogen, 
Carlsbad, CA) were incubated on the sections for one hour.  Nuclei were counterstained 
with 4’,6’-diamidino-2-phenylindole (DAPI) (Invitrogen) and samples were imaged on a 
Leica SPE Confocal microscope (Wetzlar, Germany).  Images were analyzed in ImageJ.  
Ki67 quantification was done by isolating crypts using the Polygon Selection Tool in 
ImageJ and quantifying DAPI+ nuclei as total cell count.  DAPI+ nuclei that were also 
positive for Ki67 expression were taken as a percentage of the total cell count and 
presented as percentage of Ki67+ crypt cells.  Intensity was measured using the green 
color channel and the Polygon Selection Tool.  Olfm4 area fraction and intensity were 
done using the green color channel. Total crypt area was determined using the Polygon 
Selection Tool.  Area of Olfm4 expression was taken as a fraction of the total crypt area 
to generate Olfm4 area fraction.   
Immunoblotting 
Intestinal sections (~0.5cm) were homogenized in a modified 
radioimmunoprecipitation assay (RIPA) buffer containing an additional 0.5% deoxycholic 
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acid and 1mM EDTA, along with Halts Protease Inhibitor Cocktail (Thermo Scientific) and 
1mM phenylmethylsulfonyl fluoride (PMSF).  The homogenate was centrifuged at 12,000 
rpm for 20 minutes at 4C, and the supernatant stored at -80C.  Protein quantification 
was done using the Pierce BCA protein assay kit (Thermo Scientific) on a BioTek Synergy 
H1 Hybrid Reader (Winooski, VT).  Proteins (50 g) were electrophoresed onto 4-20% 
TGE gels (BioRad) and transferred to nitrocellulose.   Membranes were incubated 
overnight with Olfm4 (Cell Singaling #D6Y5A; 1:1000 dilution) in 5% BSA/PBST.  Protein 
levels were determined using chemiluminescence (Luminol, Santa Cruz) and imaged on 
a Bio-Rad ChemiDoc Imaging System.  To control for loading, the membrane was stripped 
and incubated with Gapdh (Genetex #GTX239, 1:1000 dilution).  Protein levels were 
analyzed by densitometry using Image Lab (BioRad) and are expressed as the corrected 
integrated density value following Gapdh normalization.   
 
Statistical Analysis 
Statistical significance of gene expression differences was determined by 
averaging the 2^ddCt results of the control and arsenic-exposed replicates (n = 6) and 
comparing the averages using Student’s t-test (p ≤ 0.05) in GraphPad Prism 8.  FD4 levels, 
morphometric parameters, immunoblotting, and immunohistochemistry data were 
averaged for the control and arsenic-exposed samples, and differences in expression 
analyzed using Student’s t-test (p ≤ 0.05).  Principle data analysis was used to determine 
if there was significant patterning of the data so that we may further analyze significant 
influences on a loading plot.  Data comparisons were carried out to determine if gene 
expressions within a differentiation pathway were linearly related and significantly different 
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between treatments.  Standard MANOVA analyses were carried out using JMP Fit Model 
analysis and were used to test differences in means of unique differentiation pathway 
markers between treatments.  Significant differences between means is indicative of the 
two markers being altered in tandem, thus would allude that the particular differentiation 
pathway is disrupted, i.e. ISC marker Lgr5 and secretory progenitor marker Math1.  Linear 
correlations were conducted in GraphPad Prism 8 to demonstrate and strengthen the 
MANOVA results and differences between treatments. Significance was determined using 
p<0.05.  Data was considered wholly significant if comparisons were significantly 
correlated and showed significant differences in means.       
 
Results 
Five-week arsenic exposure shows no changes in mouse weight or  intestinal 
permeability 
 In the current study, mice were exposed to 100ppb arsenite for five weeks.  Arsenic 
concentrations in the water bottles remained at 100ppb for 72 hours (Supplementary Table 
1).  There were no significant changes in weight gain, although the treated group averaged 
2.5g gained over the five weeks compared to the 0.8g gain in the controls (Figure 1A). A 
gavage of FITC-labeled dextran (FD-4) was given 120 minutes prior to euthanasia to 
assess intestinal permeability. While there were no significant changes in serum FD-4 
levels, two of the arsenic-exposed mice showed relatively large quantities of dextran in 
serum, driving the average of the treated group to 6.2 µg/mL dextran in serum compared 
to the 0.9 µg/mL in the control mice (Figure 1B).   
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Arsenic exposure increases intestinal villus width    
 To assess morphological changes, intestinal sections were stained with H&E to 
measure villus width, villus height, and crypt depth (Figure 2A).  Quantification of 
morphometrics revealed that the treated mice had on average 30% wider villi compared 
to the controls, at 87.7 µm and 67.5 µm averages respectively (Figure 2B).  However, 
villus height did not vary between groups, controls having an average height of 384.2 µm 
and the treated group an average height of 382.0 µm (Figure 2C).  Similarly, intestinal 
crypt length showed no significant changes between treated mice and the controls (Figure 
2D).  
 
Arsenic reduces epithelial cell gene expression in the intestine 
 One goal of this study was to determine if exposure to arsenic altered stem cell 
numbers, leading to reductions in specific epithelial cell types in the intestines.  To best 
capture the individual cell types, specific markers for each major cell type were assessed 
using qPCR (Table 1).  Lgr5 expression was reduced by an average of 40% in the treated 
mice when compared to the controls (Figure 3A).  Although the absorptive pathway 
progenitor marker, Hes1, showed no such reduction (Figure 3C), the secretory pathway 
progenitor marker, Math1, had 30% reduced expression in the treated over the controls 
(Figure 3B).  As expected, based on Hes1 expression, terminal absorptive cell marker, 
sucrase isomaltase, had no significant reduction (Figure 3E).  Paneth and Goblet cell 
markers, defensin-alpha 1 (DEFA1) and trefoil factor 3 (TFF3), were significantly reduced 
by 51% and 44% in the arsenic treated mice, respectively (Figure 3B & F).   
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Arsenic exposure does not alter stem cell proliferation or numbers 
Since Lgr5 transcript expression was reduced, we hypothesized that this was due 
to fewer ISCs or less frequent division.  To assess cell proliferation, IHC was used to label 
Ki67+ cells in the intestinal crypts.  In the arsenic exposed mice, there were no differences 
in the percentage of crypt cells expressing the proliferation marker Ki67 (Figure 4A and 
B), or in the intensity of that expression (Figure 4C) as compared to the controls.  Lgr5 
gene expression is not wholly conclusive to whether the ISCs are present in the crypts, 
therefore IHC was utilized to determine if arsenic reduced ISC numbers or if other 
differentiated cells were being recruited to an ISC role.  Currently, there are no good 
commercially available antibodies to measure Lgr5 expression.  Thus, a second ISC 
marker, Olfm4, was used to assess ISC cell numbers by IHC.  As with Ki67, no changes 
are seen in Olfm4 localization or intensity of expression using IHC (Figures 5A-C).  
Similarly, immunoblotting showed no differences in Olfm4 protein expression between 
control and arsenic-exposed mice (Figure 5D).     
Dimensionality reduction analysis shows that gene expression has similar and 
significant influence on clustering of samples 
 A principle component analysis was used to discern patterning of all the data 
conducted in this study.  Significant and similar influence of clustering in the samples was 
seen in the gene expression data (GE).  These loadings lead to further analysis of the 
gene expression data. 
 
Arsenic exposure alters epithelial differentiation and homeostasis  
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Since there were no apparent alterations in stem cell numbers or in cell division 
that would account for changes in ISC cell-expressing Lgr5 gene expression, linear 
correlation and MANOVA analyses were used to assess relationships between cell 
markers, morphometric parameters, and serum FD4 levels.  Using linear regression, as 
expected, the expression of Lgr5, a marker of ISCs, was significant correlated with the 
expression of Math1, a marker of secretory progenitor cells (Figure 7A) and with the 
absorptive progenitor marker Hes1 (Figure 7C), having p values of  0.007 and 0.017, 
respectively.  When comparing the combined effect of Lgr5 and progenitor cell markers, 
the arsenic-exposed groups had reduced differences in means for Math1 (Figure 7B), and 
near significant differences in means for Hes1 (Figure 7D; p=0.065).  Similar correlations 
and reduced means were seen when comparing Math1 with terminal secretory Paneth 
cell marker Defa1 (Figure 7E & F), with the arsenic exposed mice having reduced values 
compared to the control mice.  Math1 showed no significant correlation with Goblet cell 
marker TFF3, though had significant differences in means between treated and control 
mice (Figure 7G & H).  No differences in the means were noted when comparing Hes1 
with terminal absorptive cell marker sucrase isomaltase (SI), though they were 
significantly correlated (Figure 7I & J).  Intestinal villus width was significantly different 
between treatments when compared with Lgr5 (Figure 8A & B) and Defa1 (Figure 8C & 
D) gene expression, though these comparisons do not make sense in the scope of this 
study.    
 
Discussion 
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The results suggest that an arsenic exposure of 100ppb in drinking water for 5 
weeks significantly impairs the secretory epithelial cell pathway in the small intestine, and 
reduces the expression of the R-spondin receptor Lgr5, a known marker of ISCs.  A 
secondary, non-Wnt-dependent ISC marker Olfm4 shows no changes in localization or 
expression.  Arsenic drinking water exposure also shows no changes in proportion of 
Ki67+ cells in the crypt or intensity of this expression.  Taken together, the data implies 
that Wnt-dependent differentiation pathways in the small intestine are negatively impacted 
by arsenic exposure. 
Arsenic exposure reduces Wnt dependent markers without changing proliferation 
Lgr5 is the chief marker of the intestinal stem cell and is an R-spondin (Rspo) 
receptor (Barker et al., 2007), whose role is to potentiate the regenerative Wnt/ß-catenin 
pathway (Huels & Sansom, 2017).  This study shows a 40% reduction of Lgr5 gene 
expression in the intestines when exposed to arsenic through drinking water, implying in 
part some disruption to Rspo signaling pathway.  It has been shown that Rspo and Wnt 
signaling are both needed, in tandem, to maintain a proliferative state of the ISC (Yan et 
al., 2017), and epigenetic silencing of Lgr5 in organoids induced Wnt signaling 
suppression and reduced proliferation (Uchida et al., 2018).   Lgr5 knockout in neonatal 
mice was shown to be fatal, in part by intestinal distension (Morita et al., 2004).  Lgr5 is a 
canonical Wnt-target gene (Van der Flier 2006), and a previous study has shown that 
arsenic impacts Wnt3a and ß-catenin gene expression (Bain et al., 2016, Wang et al., 
2017).  Although no Wnt or Rspo ligands were investigated in this study, similar Wnt 
signaling inhibition could explain this reduced Lgr5 gene expression.     
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In the absence of Wnt or Rspo, the ISC differentiates towards terminal epithelial 
cell types (Yan et al., 2017), though the secretory lineage differentiation is notably Wnt-
dependent (Pinto et al., 2003).  This study shows significant reduction in secretory fated 
cell gene expression in the treated mice, such as Math1+ cells (30%), Defa1 (51%), and 
TFF3 (44%).  Lgr5 was strongly correlated with Math1 gene expression (r2=0.56, p=0.007) 
and Math1 with Defa1 gene expression (r2=0.66, p=0.001) between treatments, though 
Math1 was not found to be correlated with TFF3 gene expression (r2=0.29, p=0.072).  This 
suggests that initial differentiation of Lgr5 to a secretory progenitor and terminal Paneth 
cell differentiation were more heavily impacted than terminal Goblet cell differentiation.  
This supports a Wnt-inhibition hypothesis, as Gehart and Clevers describe terminal 
Paneth cell differentiation as high Wnt-signaling dependent, and terminal Goblet cell 
differentiation as low Wnt-signaling dependent (Gehart and Clevers, 2019).  Terminal 
enteroendocrine subtype differentiation is rather unclear, though enteroendocrine 
progenitor differentiation is better understood.  In vitro studies using organoids can induce 
enteroendocrine differentiation by blocking Notch and Wnt-signaling, as to block 
absorptive and Paneth cell differentiation (Basak et al., 2017), implying a lack of Wnt-
dependency.   
There are no commercially available antibodies that accurately detect Lgr5 protein 
as the protein levels are too low (Van der Fliers et al., 2009).  Thus, the levels of Olfm4 
were examined by IHC and immunoblotting.  The function of Olfm4 in the intestines is not 
well understood, though has been shown to be a negative regulator of the Wnt/ß-catenin 
pathway using Apc+/− Olfm4-/- mice (Liu et al., 2016).  IHC and immunoblotting revealed no 
significant changes in area fraction or protein expression of Olfm4.  We were uncertain if 
Lgr5 gene expression reduction in the treated mice was due to a loss of the ISC, thus the 
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need for protein analysis and localization.  Differentiated cells are recruited to assume the 
role of the stem cell when the ISC is lost, and  in the case of recruitment, differentiated 
cells can express ISC-specific (p63 and Lgr5) and proliferative (Ki67) markers, adopting 
an ISC role (Tata et al., 2013; Metcalfe et al., 2014).  This study shows that there does 
not appear to be a loss of ISC.  Olfm4 expression was localized to the basal portion of the 
crypt and no changes were seen in the area fraction of expression in the controls (21.8%) 
compared to the treated mice (16.9%) or intensity of expression, suggesting the ISC are 
still present.   
 Ki67 expression was also analyzed to assess the number of dividing cells.  Based 
on previous literature (Sims et al., 2019), we hypothesized a significant reduction in 
proliferating cells.  In Sims et al., embryonically exposed killifish to arsenic showed a 1.4 
to 1.6-fold reduction in PCNA+ cells at 8, 16, and 40 weeks post-exposure.  MANOVA 
analysis showed significant reduction in PCNA+ cells and intestinal villi height at 8 weeks 
post-exposure in the 200ppb exposure group.  This was not seen in the current study at 
100ppb arsenic in drinking water; the average number of Ki67 expressing cells in the crypt 
were similar between control (17.9) and treated (20.6) mice, are similar to previously 
reported numbers of Ki67+ cells in the intestinal crypt of mice (Ghaleb et al., 2010). 
Intestinal villi height were not different in the control (384.2µm) and treated mice (382µm), 
though this was not wholly unexpected based on the Ki67 data.  Additionally, no changes 
were seen in MANOVA analysis (p=0.28) between proportion of Ki67+ cells and intestinal 
villi height.   
No changes were seen in intestinal villi height, though an average of 30% increase 
in villi width was noted in the treated mice.  This change appeared to be in the basilar 
mesenchymal tissue based on the H&E images.  It is important to mention that redundant 
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Wnt signaling is secreted by the mesenchymal tissue and has been shown to be sufficient 
sources of Wnt in the absence of Paneth cells, an epithelial source of Wnt signaling for 
the ISC (Farin et al., 2012; Valenta et al., 2016).  Mesenchymal Wnt-signaling originates 
primarily from subepithelial myofibroblasts and has been suggested that Wnt-secreting 
cells, particularly Wnt5a, derive from mesothelial serosa cells during development 
(Miyoshi, 2016, Miyoshi et al., 2012).  Though speculative, an expansion of mesenchymal 
tissue, and possibly Wnt-secreting myofibroblast, could explain the continued ISC survival 
and proportion of proliferating cells in the crypt.     
In summary, arsenic exposure through drinking water reduced Lgr5 gene 
expression by 40% and Math1 gene expression by 30%.  Subsequently, Math1 derived 
terminal cell type markers, Defa1 and TFF3, were reduced by 51% and 44% respectively. 
No differences were seen in Olfm4 area fraction in the controls (21.8%) and treated 
(16.9%) mice.  Similarly, no differences were noted in the proportion of Ki67+ cells in the 
crypt (82% vs 89%).  Future studies should examine concentrations and sources of Wnt 
after an arsenic drinking water exposure in the intestines to determine if the changes in 
villi width seen in this study are accompanied by an increase in Wnt-signaling.  
Additionally, experiments using mice previously developed for Lgr5 lineage tracing (Barker 
et al., 2007) would be beneficial to determine if other cells are being recruited to an ISC 
role as a result of reduced Lgr5 gene expression, as seen in this study.  Co-staining 
intestinal sections from these specialized mice with antibodies specific for +4 cells (Bmi1, 
Lrig1, Hopx) and Paneth cells (lysozyme) can reveal differentiated cell recruitment.   
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Figure Legends 
Figure 1.  A five-week arsenic exposure does not alter weight gain or intestinal 
permeability.  Mice were exposed to drinking water containing 0 or 100ppb arsenic (as 
sodium arsenite; n=6 mice per group) and weighed weekly during the 5-week exposure.  
Total weight gained over the exposure was measured in grams (A).  A gavage of FITC-
labeled dextran was given to the mice on the last day of the exposure and 120 minutes 
post-gavage, blood was collected and serum prepared.  Total dextran in serum was 
measured using a fluorometer (B, n=6).  Data was averaged within exposure groups and 
statistical differences (*) determined using Student’s t-test (p<0.05). 
Figure 2.  Morphometric changes in the small intestine of 0 or 100ppb arsenic-
exposed mice.  Representative images of H&E stained intestinal sections (A).  Villus 
width (solid black lines) (B), villus height (dashed black lines) (C), and crypt depth (double-
arrowhead black line) (D) were measured using ImageJ Line Selection tool (n=5-6).  Data 
was averaged within exposure groups and statistical differences (*) determined using 
Student’s t-test (p<0.05). 
Figure 3.  Lgr5 mRNA and secretory-fated cell expression markers were 
significantly reduced in arsenic exposed mice.  Gene expression was quantified by 
qPCR and normalized to the geometric mean of Gapdh and HPRT (n=6 per treatment 
group).  Data is expressed as the average 2^ddCt.  Statistical differences (*) were 
determined using Student’s t-test (p<0.05).  The intestinal stem cell marker Lgr5 (A) and 
terminal Paneth cell marker (B) gene expression are localized to the crypt.  ISCs can 
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differentiate to absorptive and secretory TA cells, which are marked by Hes1 (C) and 
Math1 (D), respectively.  Terminal absorptive cells and Goblet cells reside in the villus, 
and are marked by sucrase isomaltase (E)  and trefoil factor 3 (F), respectively.   
Figure 4.  Arsenic exposure does not alter stem cell proliferation. 
Immunohistochemistry was used to determine the proportion of Ki67+ cells in the crypt 
and the intensity of Ki67 expression (A, n=5).  Total DAPI-stained nuclei were counted, 
and the number of cells co-expressing Ki67 and DAPI were used to determine the 
proportion of Ki67+ cells in the crypt (B).  Color channels were split using ImageJ, and the 
crypts were outlined using ImageJ Polygon Selection tool in the green color channel. 
These polygon selections were then analyzed for intensity (C).  Statistical differences (*) 
were determined using Student’s t-test (p<0.05). 
Figure 5.  Olfm4 expression was not affected by arsenic exposure. 
Immunohistochemistry was used to determine area fraction and intensity of Olfm4 
expression (A, n=6 per treatment group).  Color channels were split using ImageJ, and 
the crypts were outlined using ImageJ Polygon Selection tool in the green color channel. 
Total crypt area was measured using ImageJ, and area of Olfm4 expression was taken 
as a secondary measurement.  The area of Olfm4 expression as a percentage of total 
area is quantified using these measurements (B).  The intensity of Olfm4 expression in 
the polygons was measured using ImageJ (C).  Immunoblotting was used to quantify 
Olfm4 protein expression and was normalized to Gapdh (D, n=4).  This expression was 
determined using densitometry (E).  Statistical differences (*) were determined using 
Student’s t-test (p<0.05). 
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Figure 6.  Multivariate data dimensionality reduction reveals that gene expression 
has significant and similar influence on clustering of data.  A principle component 
analysis was conducted in R using the prcomp command.  Significant grouping and similar 
directions of the loadings revealed gene expression as a significant influence on the 
sample clustering.   
Figure 7.  Comparisons and correlations between progenitor cells and subsequent 
differentiated cells.   Linear regression and MANOVA analysis were used determine if 
stem cell, progenitor cell, and differentiated cell  marker expression were correlated with 
each other.  Statistical significance was determined using p < 0.05 (*) (n=6).  MANOVAs 
were used to determine if Lgr5 gene expression in the control and arsenic-exposed groups 
were similarly expressed as the secretory (Math1; panel A) and absorptive (Hes1; panel 
C) TA cell markers, while linear regression assessed whether expression patterns were
correlated between the Lgr5 and Math1 (B) and Lgr5 and Hes1 (D).  MANOVAs and linear 
regression were also used to assess similarities and correlations between Math1 and a 
marker of Paneth cells (Defa1; E-F), Math1 and marker of Goblet cells (Tff3; G-H), and 
Hes1 and a marker of enterocytes (SI; I-J). 
Figure 8.  Correlations between Lgr5, Defa1, and intestinal villi width.  MANOVA 
analyses compared means between villus width and Lgr5 (A) and between villus width 
and Defa1 (C), while linear regressions showed correlations between villus width and Lgr5 
(B) and villus width and Defa1 (D).  Statistical significance was determined using  p < 0.05
(n=5-6). 
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Figure 2 
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Figure 3 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Supplementary Table 1 
Supplementary Table 1.  No detectable levels of aluminum, arsenic, cadmium, 
chromium, molybdenum, nickel, lead, or selenium were detected in control plastic 
watering bottles.  Freshly spiked water with arsenic was done at 0, 33ppb, and 100ppb 
and measured.  After a 72-hour incubation, arsenic and other metals were analyzed.  No 
loss of arsenic was seen in the 33 and 100ppb concentrations of water, and other metals 
remained undetected throughout the incubation.   
Sample (ppb) Al As Cd Cr Mo Ni Pb Se 
Control ND ND ND ND ND ND ND ND 
Control -72h ND ND ND ND ND ND ND ND 
33ppb ND 33 ND ND ND ND ND ND 
33ppb -72h ND 33 ND ND ND ND ND ND 
100ppb ND 100 ND ND ND ND ND ND 
100ppb -72h ND 100 ND ND ND ND ND ND 
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Table 1 
Table 1.  Primer sequences for qPCR analysis for specific epithelial markers. 
Marker Target Sequence Tm 
Lgr5 Stem Cell F- TGA CTT TGA GGA AGA CCT GAA G- 56ºC 
R- GGA TCA GCC AGC TAC CAA ATA-   
Defensin1 Paneth Cell F- TAG ATC AAG AGG CTG CAA AGG - 58ºC 
R- GAC AGC AGA GCG TGT ACA ATA -
TFF3 Goblet Cell F- GTC ACA TCG GAG CAG TGT AA - 58ºC 
R- GTC TCC TGC AGA GGT TTG AA-   
Math 1 Secretory Lineage F- CTT CCA GCA AAC AGG TGA ATG- 56ºC 
R- CGT TGT TGA AGG ACG GGA TA-   
Hes 1 Absorptive Lineage F- GCC TCT GAG CAC AGA AAG TCA TCA- 60ºC 
R- CTT GGA ATG CCG GGA GCT ATC TTT-  
Sucrase Isomaltase Enterocyte F- AAA TTG GCA ACG GGC ATA AC- 58ºC 
R- CGA AGA GTG GAG ATG GGA TTA G-   
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III. Conclusion
Arsenic ingestion through drinking water is a problem across the world and leads 
to a wide range of acute and chronic conditions.  The purpose of this study was to better 
understand how an environmentally relevant arsenic exposure affected an organ whose 
purpose is to act as a frontline defense against ingested contaminants.  Though previous 
work has shown that arsenic severely impacts gut microbiome (Chi et al., 2017; Gokulan 
et al., 2018), intestinal permeability, and homeostasis (Chiocchetti et al., 2018), additional 
work is needed to assess how these changes affect an exposed person or population’s 
intestinal health.  A previous study shows that at high doses of MMA, mice would ingest 
significantly more water than mice treated at lower or no dose of MMA (Arnold et al., 2003).  
This was complimented with the occurrence of loose and mucoid stool throughout the 2-
year study.  Hydration and nutrition are significant ailments of people most at-risk of 
arsenic ingestion through drinking water (Müller & Krawinkel, 2005), particularly in 
southern Asia and South America, and additional work is needed to understand how 
arsenic plays a role in these problems.  In this study, Defa1 gene expression was reduced 
51%, suggesting Paneth cell disruption.  Arsenic is well known to perturb the gut 
microbiome (Dong et al., 2017; Lu et al., 2014), leading to changes in bacterial 
composition and metabolic profiles.  Paneth cells act as a frontline defense against 
pathogens (Elphick & Mahida, 2005), and an arsenic-induced disruption to Paneth cell 
functionality can result in pathogen susceptibility (Burger et al., 2018; Martinez Rodriguez 
et al., 2012).  A survey of children under 5 in rural Bangladesh, a place of high concern 
for arsenic toxicity, showed that 36.9% of children were malnourished, 14% were 
63 
dehydrated, and among the malnourished children 52% of all Shigella isolates from their 
stool were S. flexneri, a pathogen known to cause diarrhea (Ferdous et al., 2013).  Though 
arsenic was not accounted for in this survey, perturbations to the intestinal health of people 
in impoverished areas, like rural Bangladesh, from arsenic can potentiate pre-existing 
ailments of these people.   
Though this study offers does not fully address the mechanism of arsenic toxicity, 
it does support, and is supported by, several accepted facets of arsenic toxicity.  This 
study suggests Wnt-related gene expression and differentiation are negatively impacted 
by arsenic.  ß-catenin and GSK3ß gene expression has been shown to be reduced in P19 
embryonic carcinoma cell line exposed to 0.5µM arsenite at day 9 of differentiation (Bain 
et al., 2016).  Arsenic has also been shown to inhibit terminal differentiation of C3H 10T1/2 
preadipocytes and human epidermal keratinocytes (Patterson et al., 2005; Trouba et al., 
2000), with the latter showing continued proliferation of the cells, similar to the lack of 
changes in proliferation in this study.  Additional work is needed to further elucidate chronic 
arsenic exposures and intestinal health, such as how arsenic affects these Wnt-dependent 
mechanisms and how the intestines react to these effects.  Using lineage tracing 
technology with the ISC can provide insight to how arsenic impacts Lgr5 and what 
complications occur as a result.  Unfortunately, we were not able to stain for a Wnt-
dependent ISC marker post-exposure due to limitations in available antibodies.  Olfm4 
was limited in its capabilities of painting a broader picture, because this data ultimately 
became a marker of ISC presence, rather than ISC disruption.  Co-staining antibodies 
would have strengthened this study and provided insight to the lack of changes seen in 
proliferation in the intestines.  We attempted using antibodies specific for lysozyme, a 
prominent Paneth cell marker, and Sox9, a marker used for intestinal +4 cells, though 
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ultimately was not able to brandish usable data.  Co-staining Olfm4 with these antibodies 
would reveal insight on recruitment of differentiated cells for an ISC role.  Likewise, Ki67 
and lysozyme co-staining would have given us similar information, though intestinal 
sections were limited and prevented further testing.  Serum chemistry analysis was to be 
used to assess absorption function, but ultimately fail short due to a lack of posthumous 
biomarkers for nutrient absorption.   
This study was conducted using environmentally relevant levels of arsenic in 
drinking water, as places such as Bangladesh still have nearly 17% of household 
populations exposed to arsenic at or above 50ppb (BBS, 2019).  Though mice are efficient 
metabolizers of arsenic, nearly twice the efficiency of humans, some parts of the world still 
accept a 50ppb provisional guideline value for arsenic in drinking water (UNICEF, 2008). 
This study in-part supports that this value is not protective of intestinal health, even at five 
weeks of exposure.  Previous work has shown that arsenic affects P19 germ cell lines and 
their cellular differentiation at levels beneath even the accepted 10ppb provisional 
guideline value for arsenic in drinking water (McMichael in review).  New Jersey, and more 
recently New Hampshire, lowered their guideline value to 5ppb arsenic in drinking water, 
the latter doing so after the National Cancer Institute related elevated occurrences of 
bladder cancer risk to arsenic in well water in the New England area of the USA (Baris et 
al., 2016).  Additional caution from other governing bodies would better protect human 
health and those at-risk of arsenic exposure.    
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